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Abstract. Despite decades of research, the chemical processes and states of matter that
govern the behavior of energetic materials under detonation conditions are not well un-
derstood, including the molecular level processes that determine decomposition kinetics
and energy release. Oxygen content is often employed as a simple and intuitive guide
to the development and practical use of explosives, but its effect on detonation chemistry
remains little studied, especially for the case of oxygen overabundance. To this end, we
have conducted quantum molecular dynamics (QMD) simulations of zero oxygen balance
and oxygen-rich mixtures of hydrogen peroxide and nitromethane under detonation-like
conditions to near equilibrium time-scales. We find excellent agreement between our ex-
trapolated chemical equilibrium properties and those from thermochemical models for the
zero oxygen balance mixture. In contrast, for the oxygen-rich mixture we observe the for-
mation of nitrogen oxide intermediates, particularly nitrate ions (NO3), that effectively act
as an oxygen/nitrogen “trap” by precluding the formation of the equilibrium products Ny
and COs. Our results could have implications for the design and modeling of oxygen-rich

energetics in common military and industrial use.

Explosive materials generally contain both ox-
idizing (oxygen-rich) and reducing (oxygen-poor)
groups, which under the high pressure and temper-
ature conditions typical of a detonation shock wave
produce small gaseous products with low heats of
formation, such as H5O, N5, CO and CO>!. De-
spite their extensive production and practical use
for numerous industrial and military applications?,
the basic microscopic properties for many energetic
materials during shock-induced chemical decompo-
sition are not well known. Detonation wave reac-
tion times (i.e., steady-state reaction zones lengths)
are inferred from hydrodynamic measurements to
be anywhere between nanosecond to microsecond
time scales3. However, the molecular level pro-
cesses that govern the extent of the reaction zone

are poorly understood for many organic materi-
als and composites, with longer time scale kinet-
ics (e.g., larger than a few nanoseconds) frequently
thought to result in carbon-rich, oxygen-poor explo-
sives from processes such as carbon condensation
and coagulation?, possibly coupled with slow COx
formation.

The oxygen balance (degree to which an explo-
sive can be oxidized) is known to correlate well with
both performance’ and sensitivity properties®, and
therefore it is an important metric for the synthe-
sis of new energetic compounds’- 3. A convenient
avenue for controlling oxygen balance in energetic
mixtures is to combine oxygen-rich and oxygen-
poor materials, as done for example in the widely
used ammonium nitrate-fuel oil (ANFO) formula-



tion 9. These types of mixtures have widespread
use in mining and civil construction due to their low
cost and relative insensitivity. However, oxygen-
rich mixtures tend to exhibit large reaction zones,
which result in high failure diameters (i.e., the min-
imum charge diameter at which propagation of a
steady detonation is possible)!? and poor perfor-
mance. The development and use of high perfor-
mance oxidizers and their mixtures remain of much
interest for a variety of applications, including civil
engineering, rocket propellants, and munitions!!,
which would directly benefit from a fundamental
understanding of their chemical reactivity at ex-
treme conditions such as those encountered during
detonation.

Molecular dynamics (MD) simulations provide
an independent route to chemical speciation that oc-
curs during detonation-like conditions, which could
facilitate future design and use of energetic mate-
rials. Accurate modeling of the breaking and for-
mation of chemical bonds behind a shock front fre-
quently requires the use of a quantum theory!2: 13,
such as density functional tight binding!4 (DFTB).
DFTB (with self-consistent atomic charges; SCC)
is an approximate quantum simulation technique
that allows for several orders of magnitude increase
in computational efficiency while retaining most of
the accuracy of standard quantum simulations, (e.g.,
Kohn-Sham Density Functional Theory; DFT15).
This allows DFTB simulations to achieve close to
equilibrium timescales for long-timescale reactiv-
ity (e.g., several hundred picoseconds or greater!3),
whereas DFT-MD calculations are generally limited
to tens of picoseconds!® and can be far from equi-
librium under similar conditions!2. DFTB has been
shown to provide accurate descriptions of chemical
reactivity for number of systems under extreme con-
ditions, including nitromethane!” and other organic
materials!8: 19: 20, Recently, DFTB was used to val-
idate both the equation of state and decomposition
kinetics of hydrogen peroxide (H2O> ) under det-
onation conditions from picosecond time-resolved
shock compression experiments2!.

In this work, we predict an entirely new mecha-
nism for the slow chemical reactivity of nitrogen-
containing, oxygen-balanced to oxygen-rich explo-
sive mixtures under detonation conditions using the
DFTB quantum simulation method. We focus on

liquid explosives and choose hydrogen peroxide
and nitromethane as prototypical energetic materi-
als with an excess and deficit of oxygen, respec-
tively. Our simulations consisted of 60/40 molar
ratio (zero oxygen balance) and 80/20 molar ra-
tio (positive oxygen balance) mixtures of hydrogen
peroxide/nitromethane under detonation-like condi-
tions. (Zero oxygen balance corresponds to a mix-
ture with exactly enough oxygen to turn all carbon
into CO; and all hydrogen into H5O; positive oxy-
gen balance corresponds to a system with a sur-
feit of oxygen 5.). We first validate our results
for the thermodynamic properties of each mixture
against results from equation of state (EOS) chem-
ical equilibrium models?2. We then analyze the
long timescale chemical reactivity of both mixtures
and find that the rate of formation of the end prod-
ucts CO- and especially N5 is determined in part
by the slow kinetics from nitrogen oxide intermedi-
ates. This leads to the striking result in the oxygen-
rich mixture that nitrate (NOg) acts as a major nitro-
gen and oxygen “trap”, leading to a very long-lived,
likely metastable thermodynamic state. Our results
can help elucidate the properties of these types of
materials under extreme conditions, including the
reaction zones, and could be useful in guiding their
effective use.

Computational Methods

Direct chemical equilibrium calculations were
performed for these mixtures using the methodol-
ogy outlined in Ref.22. In these calculations the in-
dividual molecular products are modeled by exp6-
polar interactions parameterized by a wide range of
experimental data (e.g. static and dynamic pressure
experiments, sound speed measurements), and the
system thermodynamics is derived using statistical
mechanics techniques. This approach has proved
to be successful for predicting the properties of a
variety of reactive materials at high pressures and
temperatures, including shock Hugoniots and deto-
nation velocities?3.

DFTB-SCC calculations were driven by the
LAMMPS molecular software simulation suite?4,
with the DFTB+ code?5 used to compute forces and
the cell stress tensor. We used C-H-O-N interac-
tion parameters available for download (mio-0-1 pa-
rameter set from http://www.dftb.org). The maxi-



mum number of SCC steps for each MD time step
was reduced to four through use of the Extended
Lagrangian Born-Oppenheimer molecular dynam-
ics (XL-BOMD) approach for propagation of the
electronic degrees of freedom26. Thermal popu-
lations of excited electronic states are computed
through the Mermin functional?’. All simulations
discussed here were performed with a time-step of
0.2 fs. The zero oxygen balance mixture was set
up with 36 H,O5 and 24 CH3NO5 molecules (312
atoms total). Zero pressure optimization produced
computational-cell lattice vectors of a = 23.9961
A, b = 11.9980 A, and ¢ = 11.9980 A, yielding
an in initial density of 1.29 g/cc, compared to the
EOS computed value of 1.26 g/cc. The positive
oxygen balance mixture contained 72 H2O, and
12 CH3NO,; molecules (276 atoms). This was
optimized to lattice vectors of a = 22.7646 A,
b = 11.3823 A, and ¢ = 11.3823 A, yielding an
initial density of 1.33 g/cc, the same as the EOS
computed value. Each initial mixture was equili-
brated at 300 K for 10 ps using Nose-Hoover ther-
mostat chains28: 29, Uniaxial compression due to
the shock wave occurred along the a lattice vector.
Previous work has shown that doubling the system
size along the a lattice vector for a similar system
and size yielded virtually identical thermodynamic
conditions under shock loading!2.

Shock compression simulations were conducted
using the well-established Multi-scale Shock com-
pression Simulation Technique (MSST)30. MSST
operates by time-evolving equations of motion for
the atoms and the computational cell dimension in
the direction of the shock to constrain the stress in
the propagation direction to the Rayleigh line and
the energy of the system to the Hugoniot energy
condition. For a given shock speed, these two re-
lations describe a steady planar shock wave within
continuum theory. MSST has been used in conjunc-
tion with quantum simulation methods to accurately
reproduce the shock Hugoniot of a number of sys-
tems (e.g., , Ref.2l). For all shock velocities we
used a scaling term with the MSST ionic equations
of motion to account for drift in the conserved quan-
tity in our simulations!3. A scaling factor of 10~4
resulted in a deviation in the total forces in our sim-
ulations of less than 1% once a steady shock com-
pression had been produced. Simulations were run

for up to 40 ps, excluding those near detonation con-
ditions, which were allowed to evolve for up to 250
ps within the shock state. The deviation from the
Hugoniot energy and Rayleigh line conditions for
all of our shock compression simulations was less
than 1%.

Results and Discussion
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Fig. 1. Pressure vs. relative volume Hugoniot
curves for pure HyO2 (black), positive oxygen
balance (red), and zero oxygen balance mixtures
(gray). The dashed and solid lines corresponds to
EOS results for the unreacted and reacted Hugoniot,
respectively, and the open and closed circles to the
same from DFTB. DFTB simulations of the positive
and zero oxygen balance mixtures are slow to reach
equilibrium on the time scales of our simulations.

For both mixtures, we simulated shock velocities
between 3 — 10 km/s, spanning pressures of 4 — 70
GPa and compressions of 1.43 — 2.13 times the ini-
tial density. The Hugoniot temperatures of the zero
oxygen balance mixture spanned 450 — 5670 K, and
the positive oxygen balance mixture from 440 —
5790 K. For simulations that were over-driven, the
system achieved a reactive state within 5 ps of com-
pression. Comparison of our computed pressure vs.
density Hugoniot results show good agreement with



EOS calculations (Fig. 1). We observe excellent
agreement for systems of pure peroxide for both the
unreacted and reacted Hugoniot curves, in part due
to the rapid chemical equilibrium of HoO> under
shock loading?!. The agreement for the zero and
positive oxygen balance mixtures is reasonable for
the unreacted Hugoniot, though somewhat worse
for the reacted curve. This is likely due primarily
to the slow reactivity of the system, where chemical
equilibrium and the concurrent expansion have not
been achieved on the timescales of our simulations.
Chemical equilibrium calculations 22 yield detona-
tion velocities of 6.93 km/s for the zero oxygen bal-
ance mixture and 6.75 km/s for the positive oxygen
balance mixtures. Here, we analyze the equation of
state and ensuing chemistry of both mixtures at 7
km/s. Slightly overdriven conditions avoid any pos-
sible instability in the MSST method below detona-
tion conditions3! and allow for faster chemical reac-
tivity that is more readily modeled on the timescales
of the present simulations.

We determine the specific chemical reactiv-
ity in our simulations using a pre-established
methodology of optimal bond cutoff distances and
lifetimes!3. The optimal value for 7. to distin-
guish between bonded and nonbonded atomic sites
is given by the first minimum in the corresponding
pair radial distribution function g(R), which corre-
sponds to the maximum of the potential of mean
force, viz., W(R) = —kpT In[g(R)], for all pos-
sible bonding pairs. In addition, in order to avoid
counting species that were entirely transient and not
chemically bonded, we also chose a lifetime cut-
off 7. of 20 femtoseconds for C-H, O-H, and N-
H bonds and 50 femtoseconds for all others (N.B.,
no H-H bonds were detected in any of our simula-
tions). This criteria is intuitive since bonds with this
lifetime could conceivably be detected spectroscop-
ically. As aresult, atom pairs were considered to be
bonded only if they resided within a distance of each
other of r. for a time of greater than 7.. The concen-
trations of species at high pressure and temperature
have some dependence on bond and lifetime crite-
ria, as expected and has been shown for other hot
dense materials!2. We found that the overall con-
clusions of this work were independent of these pa-
rameters.

Time traces of the equation of state properties
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Fig. 2. Pressure, density, and temperature time
traces for the zero oxygen balanced mixture dur-
ing shock compression at close to detonation con-
ditions. The time coordinate is shifted so that t = 0
corresponds to the onset of shock compression, and
results are averaged over 5 ps windows.

of the zero oxygen balance mixture indicate that
the system has not yet achieved thermodynamic
equilibrium, though chemistry-induced expansion
is observable on the timescales of the simulations
(Fig. 2). The sudden increase in temperature and
pressure due to shock loading leads to the synthe-
sis of a number of detonation products, including
H>0, N5, CO,, CO (Fig. 3). We also observe sig-
nificant amounts of the nitrogen oxide compounds
NO (nitric oxide), NOs (nitrogen dioxide), and the
nitrate ion NOg (i.e., dissociated nitric acid, HNO3).
Nitrogen oxides are commonly formed during com-
bustion of nitrogen-containing fuels32. We find that
the concentrations of NO molecules are approxi-
mately 5-6 times those of NO3 and NO,, respec-
tively, throughout the course of this simulation. The
decomposition of HyOs occurs according to the
expected mechanism of 2H2O, — 2H50 + Oo,
with HoO subsequently reacting with the methyl
group in CH3NOy to form formic acid (HCOOH)
and carbonic acid (H,CO3) intermediates. CO and
COg, are then produced through elimination of a wa-
ter molecule from each intermediate, respectively.



H5O has been shown to catalyze the formation of
C-0O bonded compounds in carbon-rich explosives
under detonation conditions33. We also observe
that after shock compression, approximately 11%
of the number of reactions yielding CO; as a prod-
uct occur through oxidation of CO, which may be
the main mechanism for evolution of CO towards
its chemical equilibrium concentration.
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Fig. 3. Time traces for the zero oxygen balance
mixture of the major chemical species, compared to
EOS results (figure legend). Results labeled ‘NO’
from our MD simulations correspond to concen-
trations of NO, NO,, and NO3 summed together.
Due to its short molecular lifetimes, results labeled
‘HyO’ from our MD simulations correspond to HoO
and OH concentrations summed together. All con-
centration time traces have non-zero slopes, indicat-
ing that the system is progressing to chemical equi-
librium over the time scale of our simulation.

Molecular nitrogen synthesis occurs through the
following four step sequence: (1) reduction of NO;
from nitromethane by a hydrogen ion from disso-
ciated water: NO; + H — NO + OH; (2) dimer-
ization of NO molecules: NO + NO — (NO)s; (3)
reduction of the NO dimer (hyponitrite) by an ad-
ditional hydrogen ion: (NO); + H — N0 + OH,;
(4) elimination of an oxygen ion from an NyO
molecule: NoO — Ny + O. For this system, the
relatively high NO concentration is a key aspect
of Ny formation. (NO)y, has been observed in
low temperature gas phase34 and condensed phase
studies33, and is known to lead to Ny formation via

an N, O intermediate in catalytic systems3°. In this
case, the need for a catalyst is obviated by the ex-
treme pressures and temperatures, and the presence
of reducing agents such as CO and hydrogen ions.
For both carbon and nitrogen oxide formation, wa-
ter from the peroxide decomposition is observed to
play a crucial role, either as catalyst or intermedi-
ate reactant. Lifetimes of the majority products (Ta-
ble 1) indicate that N» (14 ps), CO (2 ps), and NoO
(2 ps) have relatively long lifetimes, compared to
the hundreds of fs values for all other listed species.
We note that short lifetimes are due in part to fleet-
ing interactions with H and OH from dissociated
water, which results in the formation of many tran-
sient species (e.g., HCO2) with computed lifetimes
of hundreds of femtoseconds and below.

Table 1. Average lifetimes of chemical products for
the zero oxygen balance mixture.

Compound Lifetime (ps)

H,O 0.237
COq 0.551
N, 13.804
CcO 1.880
NO 0.619
NO, 0.122
NO3 0.186
N3O 2.177

Given the short chemical lifetimes and complex
reactivity in our simulations, we have generalized
chemical events by examining the time traces of
concentrations of specific bond types (Fig. 4). This
allows for a detailed chemical picture under these
conditions without relying on the fate of specific
compounds and any intermediates they might form.
We observe that concentrations of O-X (X=C, N,
O, H) and N-N bonds all appear to be approach-
ing equilibrium on the timescales of our simula-
tions. In order to estimate their equilibrium values,
we first shift the time origin to the onset of shock
compression (where the temperature becomes rela-
tively constant) and fit each time trace to a simple
exponential form. Specifically, the time-dependent
bond concentrations C'(¢) of O-C, O-H, and N-N
bonds were fit to a function of the form C(¢) =



—— 0-C bonds

—— O-H bonds
—— O-N bonds
35 e 0-0 bonds
—— N-N bonds

Concentration (moles/kg)
s

T T
0 50 100 150 200
time (ps)

Fig. 4. Time traces for the zero oxygen balance mix-
ture of O-H bonds (e.g., H2O), O-C bonds (e.g., CO,
COs), O-N bonds (e.g, NO, NO,, and NO3), O-O
bonds (e.g., O2), and N-N bonds (e.g., N2). O-O
bonds disappear after ~15 ps, whereas, O-H, O-C,
O-N and N-N bonds all exhibit slow chemistry over
these timescales.

A (1—e~ ")+ Ay, with the equilibrium values esti-
mated by A; + As, and the O-N bond concentration
trace was fit to C'(t) = Aje™* + A,, with the esti-
mated the equilibrium value equal to A,. This type
of analysis provides a straightforward method for
making comparisons to chemical equilibrium cal-
culations. The resulting time constants k~! range
from ~20 ps for the for O-C bonds to ~300 ps
for O-H bonds. This implies that chemical equi-
librium for this system is achieved over timescales
of hundreds of picoseconds to nanoseconds. We
find that our computed equilibrium concentrations
of O-X and N-N bonds agree well with those de-
termined from the EOS equilibrium chemistry (Ta-
ble 2). In particular, we see close agreement for O-
C, O-0, O-H, and N-N bond concentrations, which
provides good validation for the equilibrium chem-
istry predicted by the mio-0-1 parameter set under
these extreme thermodynamic conditions. The ex-
trapolated value for the O-N equilibrium concentra-
tion is somewhat higher than the EOS value in part
due to the fact that our simulations predict some
amount of NO, and NOg3, whereas the chemical
equilibrium calculation finds NO as the main nitro-
gen oxide molecule. Charged products like NOg are
also traditionally not included in chemical equilib-

rium calculations, although such modeling may be
within reach 37.

Table 2. Equilibrium concentrations of different
bond types chemical products for the zero oxygen
balance mixture. Concentrations are shown in units
of moles/kg. DFTB results are extrapolated by fit-
ting to exponential functional forms.

Bond type DFTB EOS
O-H 534 534
C-0 16.7 17.3
O-N 2.0 0.5
N-N 4.5 4.2
0-0 0.0 0.0

In contrast, equation of state results for the oxy-
gen rich mixture indicate much less variation af-
ter shock compression (Fig. 5). The pressure, den-
sity, and temperature time traces all appear to os-
cillate about a mean value, rather than indicating
a chemistry-induced expansion. We observe HsO,
CO,, CO, Og, and nitrogen oxides as detonation
products, all of which appear to be in a quasi-
steady chemical state (Fig. 6). In this case the
NOs ion is the dominant nitrogen oxide product by
far, with a concentration that is approximately three
times that of both NO and NOs. The concentra-
tions of HoO, nitrogen oxides, and CO- all vary
only slightly over the timescale of this simulation,
and the quasi-steady values for COy and nitrogen
oxide compounds are all somewhat lower than the
EOS model predictions. In addition, we observe
only trace amounts of O and CO, and zero Ny pro-
duction, in contrast to the values of 5.5, 5.1, and
1.7 moles/kg, respectively, predicted by the chem-
ical equilibrium calculation. This seemingly slow
equilibrium chemistry relative to the zero oxygen
balance mixture is surprising given the enhanced
chemical reactivity, where the average lifetimes pre-
dicted for the major detonation products are all un-
der 500 fs (Table 3). In particular, we note that the
computed lifetime for HoO is roughly half the value
and that of CO his approximately one order of mag-
nitude smaller than their corresponding values in the
zero oxygen balance mixture. This is in part due to
the higher mole fraction of HoO5 starting material,
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Fig. 5. Pressure, density, and temperature time
traces for the positive oxygen balanced mixture dur-
ing shock compression at close to detonation condi-
tions. The time coordinate is shifted so that ¢ = 0
corresponds to the onset of shock compression, and
properties are averaged over 5 ps windows.

which yields higher concentrations of H and OH
ions (due to water dissociation), which in turn pro-
motes reactivity with other chemical species (e.g.,
CO + H + OH — HCOOBH).

Analysis of the reaction mechanisms in the shock
compressed mixture indicate that CO and CO; also
largely form through the elimination of water from
formic and carbonic acids. Similar to the zero
oxygen balance mixture, approximately 12% of the
number of CO5 forming reactions occur though ox-
idation of CO molecules. The nitrogen oxide chem-
istry is dominated by the direct oxidation of nitric
oxide and NO5 to NOg, as well as protonation/de-
protonation reactions involving NO3/HNOs. In part
due to both steric hindrance and its overall charge,
the NOg ions have increased difficulty in dimeriz-
ing. This in effect traps some of the supply of both
the nitrogen and oxygen atoms into a metastable
product, directly inhibiting the formation of N and
the release of oxygen to form Oy and CO,. We
observe some (NOs)» formation in our simulation,
though the product is short-lived (~ 60 fs) and its
formation is almost entirely balanced by its dissoci-

EOS Results:
— H,0: 27.9|
2040 e 0,: 5.5
18 —— €O 5.1
— Nz 17
— NO: 1.6
— C0: 0.0

IS

Concentration (moles/kg)

time (ps)

Fig. 6. Time traces for the positive oxygen balance
mixture of the major chemical species, compared to
EOS results (figure legend). Similar to 2, results
labeled ‘NO’ correspond to concentrations of NO,
NO,, and NO3 summed together and those labeled
‘H,O’ to concentrations of HoO and OH summed
together.

ation into monomers. This “trapping” of the chem-
istry is clearly seen in the time traces of the bond
type concentrations (Fig. 7), where the values for
O-H, O-C, and O-N bonds remain flat over these
timescales, O-O bonds hover slightly above zero
concentration, and N-N bonds are not formed at
all during our simulations. This indicates a mech-
anism where CO, and Ny equilibrium will likely
be achieved on significantly longer timescales than
the zero oxygen balance mixture, due in part to the
higher oxygen content and lower nitric oxide con-
centration in the detonation products.

Conclusions

Our results indicate a new model for reaction
zone kinetics in oxygen-rich to oxygen balanced
energetic materials that is governed by the rela-
tively slow chemical reactivity of nitrogen oxide
compounds in a process reminiscent of combus-
tion. For the oxygen balanced mixture, molecu-
lar nitrogen synthesis is driven through the dimer-
ization of NO molecules and the formation of the
N, O intermediate; concomitantly, the oxidation of
CO to CO5 moves the system towards the ex-
pected chemical equilibrium state. The oxygen rich



Table 3. Average lifetimes of chemical products for
the positive oxygen balance mixture. N2 molecules
were not detected on the time scales of our simula-
tions.

Compound Lifetime (ps)

H,0 0.129
CO, 0.341
Cco 0.232
NO 0.449
NO, 0.127
NO; 0.143
0, 0.112

mixture on the other hand yields a relative abun-
dance of nitrate ion (NOj3) intermediate, which in-
hibits nitrogen oxide dimer formation and subse-
quent Ny release. As a result, NO3 ion formation
effectively leads to the trapping of the system in
a likely metastable, zero Ny production state that
slows down further chemical energy release. This
is in sharp contrast to the decomposition mecha-
nism of negative oxygen balance energetic materi-
als (e.g., PETN and TATB), where N-O chemistry
equilibrates extremely rapidly, and carbon conden-
sation/coagulation and carbon-oxygen bond chem-
istry are the rate limiting steps to achieving chemi-
cal equilibrium33. These results could have signifi-
cant implications for oxygen-rich energetics, where
the detonation chemistry time scales could be larger
than usually assumed, and slow nitrogen oxide ki-
netics could be a significant factor in the poor per-
formance of these materials38: 39, Further work is
underway to fully characterize the N-O chemistry
under these conditions for possible use in contin-
uum scale reactive-flow models.
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